Dynamic wavelength conversion (DWC) is obtained by controlling copropagating slow-light signal and control pulse trajectories. Our method is based on the understanding that conventional resonator-based DWC can be generalized, and is linked to cross-phase modulation. Dispersion-engineered Si photonic crystal waveguides produce such slow-light pulses. Free carriers generated by two-photon absorption of the control pulse dynamically shift the signal wavelength. Matching the group velocities of the two pulses enhances the shift, elongating the interaction length. We demonstrate an extremely large wavelength shift in DWC (4.9 nm blueshift) for the signal wavelength. Although DWC is similar to the Doppler effect, we highlight their essential differences.
The wavelength of light is shifted when the index of the medium through which it travels (modal index) changes instantaneously. This is called dynamic wavelength conversion (DWC) and was first discussed theoretically [1, 2] and then demonstrated experimentally by using plasma dispersion of free carriers [3, 4] for light localized in resonators [ Fig. 1(a) ]. It was also observed for light propagating in waveguides [5] [6] [7] , for which the mechanism responsible for DWC is identical to the resonator case because the waveguide index changes simultaneously and uniformly.
DWC has been understood as a process that differs from nonlinear processes, such as parametric four-wave mixing and Kerr-based cross-phase modulation (XPM) in fibers [8] , because it (1) targets light localized in microdevices, as mentioned above, (2) achieves a 100% efficiency in the ideal case, maintaining spectral shape and coherency, (3) does not require large nonlinear effects, and (4) can be induced not only optically but also electrically [9] and mechanically [10] . Although attractive, a drawback of DWC is its small wavelength shift Δλ. Since Δλ strongly depends on the index change Δn such that Δλ=λ ≈ Δn=n [2] , it is no greater than 1 to 2 nm for λ ≈ 1.55 μm.
To overcome this drawback, we propose a different type of DWC, which we refer to as trajectory-dependent DWC (TD-DWC). In TD-DWC, the optical signal pulse is not localized but propagates in a waveguide together with the temporal change in index, generating continuous DWC. In this approach, Δλ depends not only on Δn but also on the trajectory of the pulse and index change. To generate the propagating index change, we use the plasma dispersion of free carriers induced by two-photon absorption (TPA) of a slow-light pulse (control pulse). We also produce another slow-light pulse at a different wavelength as the signal and arrange for these two pulses to copropagate, as shown in Fig. 1(b) . For this purpose, we use low-dispersion slow-light pulses in a Si lattice-shifted photonic-crystal waveguide (LSPCW), wherein the third rows of air holes in the photonic-crystal slab are shifted longitudinally [11, 12] . The incident control pulse is spatially compressed due to the slow-light effect, and its peak intensity is enhanced internally. This causes large TPA in Si at λ ≈ 1.55 μm, generating free carriers and reducing the index [12, 13] . If the signal pulse overlaps with the control pulse, its wavelength is blueshifted. If the overlap is maintained by matching group velocities, Δλ is enhanced beyond the Δn limit, within the range of acceptable losses. Thus, TD-DWC allows the limit of the conventional DWC to be overcome.
We now discuss a theoretical expression of TD-DWC. The phase shift Δϕ in the signal pulse is given by
where Δkðz; tÞ is the local change induced by the control pulse of the signal-pulse wave number at position z and time t, and C is the trajectory of the signal pulse, which satisfies t ¼ ðn g =cÞz for the group index n g ¼ cð∂k=∂ωÞ, where c is the speed of light in vacuum. Subsequently,
where ξ ¼ ðn=ωÞð∂ω=∂nÞ is the dependence of the normalized photonic-band frequency on the normalized change in index. The normalized photonic-band frequency is determined by the waveguide structure and is almost constant over the narrow frequency range considered for TD-DWC. From Eq. (2), Δλ is
The integral goes from z ¼ 0 − Lðt ¼ 0 − TÞ, where the overlap of the two pulses begins, to L where it ends; i.e., the interaction length is L and the interaction time is T. The quantities L and T are determined by the input timing, group velocities, and/or waveguide length.
Applying Eq. (4) to light trapped in a resonator can be interesting. In this case, z is fixed by the resonator, so the integral and derivative cancel each other, leading to Δλ=λ ≈ Δn=n for conventional DWC. This means that conventional DWC is an extreme case of TD-DWC (in other words, TD-DWC is more general than conventional DWC). Figure 2 shows the spatiotemporal dynamics of Δn and its time derivative for both conventional DWC and TD-DWC. Red profiles depict the change in index, which is fixed for conventional DWC but moves for TD-DWC. Blue dashed lines and striped areas depict the trajectory of the signal pulse and its projection onto the change in index, respectively. When the blue line crosses the red profile at an oblique angle, TD-DWC increases the area (and thus Δλ).
On the basis of the discussion thus far, TD-DWC appears similar to XPM. In fact, this is accurate, which tells us that conventional DWC is actually linked to XPM. To clarify their similarities and differences, we now compare the definitions and features of XPM and DWC. XPM is an alloptical phenomenon in a medium, and Kerr-based XPM, which is the most common type of XPM, usually broadens the signal spectrum. XPM could be extended to XPM accompanied by plasma dispersion, such as when selfphase modulation with plasma dispersion adds spectral asymmetry and causes a blueshift [14] or when soliton pulses are produced, leading to a pure spectral blueshift without broadening [15] . DWC, however, may be generated by any Δn and is not limited to optical processes. Even TD-DWC may occur if a propagating Δn is generated by a traveling microwave, acoustic wave, and so on. In addition, we show below a pure spectral shift that occurs without a soliton, which is commonly thought to be a key feature of DWC. Therefore, TD-DWC is more appropriately categorized as DWC, even if it is similar to XPM.
We begin by simulating TD-DWC in a finite-difference time-domain (FDTD) simulation. Just to observe the spectral evolution from the DWC, we use a onedimensional model without considering the detailed structure of the LSPCW. Here, a signal pulse with a full width at half-maximum (FWHM) of 0.8 ps and a center wavelength of 1550 nm is excited in a medium with n ¼ 3 and a change in index Δn ¼ −0.005. This simulates TPA-induced carriers. The change in the index moves in the same direction as the signal pulse. We consider the following cases: changing the index such that it overtakes and is overtaken by the signal pulse, changing the speed υ c of the change in index, changing the group velocity υ s of the signal pulse, and changing their relative launch times. Having the index profile overtake the signal pulse may appear superluminal, but it is possible by using slow-light pulses. The index decreases quickly and linearly, while remaining constant because the carrier lifetime is sufficiently long. If the control and signal pulses have the same FWHM, the FWHM of the TPA probability will be 0.56 ps because of the quadratic dependence of TPA on pulse intensity. Thus, we use it as the duration of index reduction. To simplify the analysis, loss and dispersion are neglected. Figures 3(a) and 3(b) show the simulated signal spectra for the cases in which the change in index overtakes and is overtaken, respectively, by the control pulse. In both cases, the signal pulse is blueshifted by the decrease in the index and the longer interaction length enhances this shift. Because the index change is linear, the spectral shape is well maintained, which is a feature of DWC. Figure 3(c) shows Δλ calculated as a function of the velocity ratio υ c =υ s . When υ c =υ s approaches unity, jΔλj increases drastically because the index change overlaps the signal pulse entirely so that the signal spectrum is continuously converted (this increase spectrum is actually restricted by losses in the control pulse). When υ c approaches zero, Δλ approaches zero. At υ c ¼ 0, the signal pulse simply enters the region when the index is n (and leaves the region where the index is n − Δn). Thus, DWC does not occur. When υ c ≫ υ s , the signal pulse seems to almost stop with respect to the control pulse and Δλ converges to −2.6 nm, which satisfies Δλ=λ ≈ Δn=n for conventional DWC. Thus, Fig. 3 exactly shows the transition between conventional DWC and TD-DWC.
Next, we demonstrate TD-DWC experimentally. We launch a signal pulse and a more intense control pulse into a Si LSPCW fabricated by a CMOS-compatible process [12] and observe DWC in the signal pulse by using an optical spectrum analyzer. Details of the optical setup and the characteristics of the LSPCW are given in Ref. [11] . The LSPCW has a low-dispersion photonic band and a slightly dispersive band on the short-wavelength side. We can change the group velocity of the signal pulse by changing the input wavelength within the dispersive band. In the FDTD simulation, we changed the speed at which the index changes. However, in the experiment, changing the group velocity of the control pulse also changes the internal peak intensity because of spatial compression, resulting in different TPA rates. To avoid this, we changed the group 
FIG. 4 (color online). Experimental results of TD-DWC. (a)
Group-delay spectrum of air-cladded LSPCW and input wavelengths of signal pulse (1.9-2.7 ps in width and 1.2-2.7 W in peak intensity) and control pulse (5.6 ps, 22 W). In the LSPCW, the slab thickness is 210 nm, lattice constant is 450 nm, air-hole diameter is 240 nm, lattice shift is 120 nm, and waveguide length is 200 μm. (b) Output signal spectra. Conversion efficiencies evaluated from the integral of the spectrum are 45%-62%. (c) Wavelength shift for group-velocity ratio of two pulses. velocity of the signal pulse. Figure 4(a) shows the measured group-delay spectrum of the LSPCW. By changing the input wavelength of the signal pulse from point A to D, its group delay increases (group velocity decreases). Since the wavelength of the control pulse is set at 1558 nm (red circles), the interaction length is maximized when the signal wavelength is set around the point D.
Output spectra are shown in Fig. 4(b) . When the control pulse is present, the signal pulse is increasingly blueshifted in going from point A to D. The shape of the shifted spectrum is relatively constant from point A to point C but slightly broadens at point D. The carrier generation rate and spectral shift differ depending on whether the signal pulse overlaps with the peak or the feet of the control pulse. When the interaction is long (case D), this variation reflects the spectral broadening. If a rectangular control pulse is available, the signal-pulse shape is still maintained. Figure 4 (c) summarizes the wavelength shift as a function of the group velocity ratio. The shift increases as the ratio increases. When the ratio is slightly greater than unity (case D), the shift continues to increase. Under these conditions, the group velocity increases after the blueshift near the input end of the waveguide because of the group-velocity dispersion shown in Fig. 4(a) . This reduces the ratio towards unity; for this reason, the result of case D is different from the calculation in Fig. 3(c) , which neglects dispersion. Figure 5 shows the maximum blueshift observed by optimizing the signal wavelength and increasing the peak power of the control pulse. Upon increasing the power, the wavelength shift is saturated and the conversion efficiency is reduced because both pulses are attenuated, mainly by free-carrier absorption. At 74 W, the blueshift evaluated from the spectral peak reaches 4.9 nm. This is a very large DWC, which indicates the advantage of our approach.
Finally, we comment on the relationship between DWC and the Doppler effect. The comparison is valuable because both generate adiabatic spectral shifts, and the Doppler effect has been suggested to occur in photonic crystals [16] . For a wave source and observer moving with velocities υ 1 and υ 2 , respectively, the common Doppler effect shifts the original wave frequency f to an observed frequency f 0 ¼ fðυ 0 − υ 2 Þ=ðυ 0 − υ 1 Þ for constant phase velocity υ 0 . Here, the origins of Δf ¼ f 0 − f are the wave-number shift Δk and the direct shift of the observed frequency (see Table I ). In addition, the Doppler effect also occurs for light reflected by a mirror moving with velocity u. Here, the origin is Δk at the reflection and f 0 ¼ fðυ 0 − υ 2 Þðυ 0 þ uÞ=ðυ 0 − υ 1 Þðυ 0 − uÞ for all effects. However, for DWC, the origin is the change in phase velocity Δυ 0 during propagation. Even for conventional resonator-based DWC, the temporal change in index gives the effective Δυ 0 with constant k. In our approach, the motion of the temporal change in index gives both Δυ 0 and Δk. These DWCs appear similar to the mirror-type Doppler effect in the sense that the origins of Δf are in the optical path. However, they should still be regarded as different phenomena because of their different origins.
In conclusion, DWC is a unique phenomenon that achieves a pure spectral shift in a compact device with moderate power consumption. TD-DWC, demonstrated here, is a more generalized phenomenon that includes conventional resonator-based DWC and physically links conventional DWC and XPM. However, the origin of its frequency shift differentiates it from the Doppler effect. DWC can be generated by any type of temporal change in index in the presence of signal light and can be enhanced by a long interaction length. Slow light is a powerful tool that can control both of these parameters. We demonstrate FIG. 5 (color online). Wavelength shift Δλ and conversion efficiency measured as a function of peak power of control pulse evaluated from weighted center and integral of each spectrum, respectively. Inset shows spectra with and without control pulse. TD-DWC by using two copropagating slow-light pulses in a Si LSPCW and obtain an extremely wide spectral shift (up to 4.9 nm). Using free carriers causes loss, but the conversion efficiency is still better than that of parametric processes, which makes practical applications of this method look promising.
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